Introduction
============

The annual incidence of prostate cancer has increased dramatically over the past decade such that prostate cancer is now the most commonly diagnosed visceral malignancy in men \[[@b1]\]. Ninety-five percent of prostate cancer is diagnosed in men between 45 and 89 years of age, with a median age of diagnosis of 70 years. The prevalence of prostate cancer increases with age. After age 50, both the incidence and mortality increase at a near exponential rate. Men with a positive family history have a higher likelihood of developing the disease, often at a younger age, than their counterparts with no history of cancer in the family \[[@b2]\].

Approximately 50% of patients diagnosed with cancer develop metastatic, incurable disease \[[@b1]\]. Early diagnosis when the tumor is localized to the prostate is essential in order to provide definitive treatment and improve patient survival \[[@b2]\].

Three diagnostic tests are routinely used to detect malignancy in the prostate: prostate-specific antigen (PSA), digital rectal examination (DRE), and transrectal ultrasound (US) imaging \[[@b3]\]. The tests, however, lack both sensitivity and specificity, resulting in missed cancers as well as a large number of unnecessary biopsies.

Gray-scale ultrasound
=====================

Transrectal US of the prostate has revolutionized our ability to examine this organ \[[@b4]\]. Among the myriad of indications for US of the prostate, the most common indication is for evaluation of suspected prostate cancer. In this regard, transrectal US is usually performed in conjunction with needle biopsy of the prostate. The indication for prostate US and biopsy is either an abnormality on DRE or elevation in the serum PSA level. Occasionally, men undergo transrectal US owing to symptoms of bladder outlet obstruction or constitutional symptoms suggestive of metastatic prostate cancer. The utilization of serum assays for PSA and transrectal US guided needle biopsy has resulted, in general, in the diagnosis of prostate cancer at an earlier stage of presentation \[[@b5], [@b6]\].

Transrectal US provides excellent visualization of the prostate. Advantages of transrectal US guided biopsy include the ability to direct the biopsy needle precisely into regions of interest, or to provide uniform spatial separation of biopsy cores. For these reasons, most prostate biopsies are performed under US guidance \[[@b7], [@b8]\]. Transrectal US may identify non-palpable malignancies. However, few studies have compared the yield of digitally directed biopsy vs. those under transrectal US guidance. Weaver *et al.* performed biopsies under both US and digital guidance in 51 men with palpable prostatic abnormality \[[@b9]\]. They noted cancer in nine patients on digitally directed biopsy. In contrast, 23 men had cancer detected when biopsies were performed under US guidance. Each of the men who had a positive digitally guided biopsy also had cancer detected on the US guided procedure.

Although conventional gray-scale US does improve the yield of needle biopsy, this technique has only limited sensitivity and specificity for the detection of cancer. Specifically, transrectal US is limited by its inability to detect isoechoic tumors ([Fig. 1](#F1){ref-type="fig"}(1)) and by the often heterogeneous appearance of the prostate. In order to improve the detection of cancer, additional Doppler and contrast-enhanced techniques may be used.

Color Doppler ultrasound
========================

Color Doppler US has been applied to evaluate the vascularity within the prostate and the surrounding structures \[[@b10]--[@b17]\]. The motivation behind the application of color Doppler US is to detect tumor neovascularity. Cancerous tissue generally grows more rapidly than normal tissue \[[@b18]--[@b21]\], and demonstrates increased blood flow, as compared to normal tissue and benign lesions. Color Doppler US may demonstrate an increased number of visualized vessels, as well as an increase in flow rate, size and irregularity of vessels within prostate cancer \[[@b22]\]. Three different flow patterns may be associated with prostate cancer: diffuse flow, focal flow and surrounding flow \[[@b10]\]. The most frequently identified flow pattern is diffuse flow within the lesion.

Early results have suggested that up to 85% of men with prostate cancers greater than 5 mm in size have visibly increased flow in the area of tumor involvement \[[@b10]\]. In addition, hypervascularity may be seen in patients with more difficult to identify, isoechoic and hyperechoic lesions. Unfortunately, subsequent studies suggested that the combined application of gray-scale and color Doppler US will still miss some cancers and is insufficient to preclude prostate biopsy.

Power Doppler ultrasound
========================

Power Doppler US, an amplitude-based technique for the detection of flow, is more sensitive to slow flow and is less angle-dependent than color Doppler US. This newer technique has been less commonly applied to the assessment of prostate tumor vascularity, and there are few papers addressing its use \[[@b23]\]. However, early studies have suggested that power Doppler US may be useful in detection of prostate cancer ([Fig. 1](#F1){ref-type="fig"}(2)).

In a recent study Halpern *et al.* assessed the value of gray-scale, color and power Doppler US for detection of prostatic cancer. They investigated 251 patients prior to biopsy. Each biopsy site was prospectively scored for gray-scale abnormality and Doppler flow. Cancer was detected in 211 biopsy sites from 85 patients. Overall agreement between sonographic findings and biopsy results as measured with the kappa statistic was minimally superior to chance (kappa=0.12 for gray-scale, kappa=0.11 for color Doppler, kappa=0.09 for power Doppler). Among patients with at least one positive biopsy for cancer, foci of increased power Doppler flow were 4.7 times more likely to contain cancer than adjacent tissues without flow. They concluded that power Doppler may be useful for targeted biopsies when the number of biopsy passes must be limited \[[@b24]\], but that there is no substantial advantage of power Doppler over color Doppler. Other investigators suggest that although Doppler flow patterns may correlate with microvascular density, Doppler imaging does not provide sufficient sensitivity to preclude biopsy \[[@b25]\].

Contrast enhanced ultrasound imaging
====================================

Recently developed US contrast agents can improve the detection of low-volume blood flow by increasing the signal-to-noise ratio \[[@b26]--[@b29]\]. Intravascular contrast agents allow a more complete delineation of the neovascular anatomy, by enhancing the signal strength from small vessels. Furthermore, these agents may be used to time the transit of an injected bolus. Unlike radiographic contrast media, which diffuse into the tissue and may obscure smaller vessels, microbubble echo-enhancing agents are confined to the vascular lumen, where they persist until they dissolve. Contrast agents are made of gas bubbles small enough to cross through capillary beds \[[@b29]\]. They have two important acoustic properties. First, they are many times more reflective than blood, thus improving flow detection. Second, their vibrations generate higher harmonics to a much greater degree than surrounding tissues. The half-life of contrast agents is dependent on bubble construction. Bubbles can be free or encapsuled in soft or hard shells. The duration of enhancement after injection may last from a few seconds to many minutes, depending on the bubble type.

In a previous study we examined the use of contrast-enhanced color Doppler US in 72 patients identified by PSA screening. Using a quantitative scale to characterize the degree of vascularity, the technique had a sensitivity of 53%, specificity of 72%, and a positive predictive value (PPV) of 70% in distinguishing prostate cancer from benign lesions \[[@b30]\].

Bree *et al.* reported the potential use of contrast-enhanced color Doppler to increase the diagnostic yield in a group of 17 patients with normal gray-scale transrectal US and elevated PSA values. Correlation of biopsy sites with color Doppler US abnormalities revealed a sensitivity of 54%, a specificity of 78%, a PPV of 61%, and a negative predictive value (NPV) of 72% for the detection of prostate cancer. Three of the cases with a positive contrast-enhanced biopsy site had negative transrectal US random biopsy within the previous year \[[@b31]\].

Bogers *et al.* evaluated contrast-enhanced 3D imaging of the prostate vasculature with power Doppler. 3D power Doppler images were obtained before and after intravenous administration of 2.5 g of Levovist^™^ (Schering, Berlin, Germany). Subsequently, random and/or directed trans-rectal US-guided biopsies were performed. Prostate vasculature was judged with respect to symmetry and vessel distribution. Eighteen patients with a suspicion of prostate cancer either because of an elevated PSA (greater than 4.0ng/ml; Tandem-R-assay) or an abnormal DRE were included in the study. Prostate cancer was detected in 13 patients. Vascular anatomy was judged abnormal in unenhanced images in six cases, of which five proved to be malignant. Enhanced images were considered suspicious for malignancy in 12 cases, including one benign and 11 malignant biopsy results. Sensitivity of enhanced images was 85% (specificity 80%) compared with 38% for unenhanced images (specificity 80%) and 77% for conventional gray-scale transrectal US (specificity 60%). Among six patients who showed no B-mode abnormalities, vascular patterns were judged abnormal in four cases, of which three were malignant. Based on these findings they concluded that contrast-enhanced 3D power Doppler angiography is feasible in patients with suspicion of prostate cancer who are scheduled for prostate biopsies \[[@b32]\].

A more recent analyses by the same group suggested that 3D contrast-enhanced power Doppler US is a better diagnostic tool than the DRE, PSA level, gray-scale US or power Doppler US alone. The most suitable diagnostic predictor for prostate cancer was a combination of 3D contrast-enhanced power Doppler US and PSA level \[[@b33]\].

We reported the value of contrast enhanced color Doppler in a prospective study in 90 \[[@b34]\], and 230 male screening volunteers \[[@b35]\], and found that targeted biopsies based on contrast enhanced color Doppler detected as many cancers as systematic biopsies, with fewer than half the number of biopsy cores ([Fig. 1](#F1){ref-type="fig"}(3)). Sedelaar *et al.* demonstrated the correlation between microvessel density (MVD) and three-dimensional contrast enhanced power Doppler imaging \[[@b36]\]. In all patients, the enhanced side of the prostate was correlated with a higher MVD count. Concerning the MVD and the color pixel density, we found similar results using contrast-enhanced color Doppler US using the US contrast agent Levovist^™^ (Schering, Berlin, Germany) \[[@b37]\] ([Fig. 1](#F1){ref-type="fig"}(4)).

A new approach to contrast-enhanced imaging of the prostate is phase or pulse inversion technology to exploit the nonlinear behavior of the bubbles in order to differentiate blood flow echoes from background tissue with high contrast, and spatial resolution. Albrecht *et al.* demonstrated this technique in 39 human subjects. Gray-scale enhancement of vessels and organ parenchyma was seen in all cases. Enhancement occurred from both flowing and stationary microbubbles. Flow-independent enhancement of tissue represents a major advance in contrast-enhanced US with many potential applications especially in tumor imaging \[[@b38]\].

In a preliminary study of 26 subjects Halpern *et al.* investigated the usefulness of contrast-enhanced US to depict vascularity in the prostate. Continuous gray-scale and intermittent gray-scale imaging were performed at the fundamental frequency. Phase inversion gray-scale imaging was available only for the final few subjects in the study. US findings were correlated with sextant biopsy results. After the administration of the contrast material Imagent^™^ (Alliance Pharmaceutical Corp. San Diego, CA), gray-scale and Doppler images revealed visible enhancement (*p*\<0.05). Using intermittent imaging, they found focal enhancement in two isoechoic tumors that were not visible on baseline images. No definite focal area of enhancement was identified in any patient without cancer. Furthermore contrast-enhanced images revealed obvious enhancement of transient hemorrhage in the biopsy tracts of three patients. They concluded that gray-scale as well as Doppler enhancement of the prostate can be seen on US images after the administration of an i.v. contrast agent, and that contrast-enhanced intermittent US of the prostate may be useful for the selective enhancement of malignant prostatic tissue \[[@b39]\].

Halpern *et al.* have recently completed a prospective study of contrast-enhanced transrectal US in 60 patients who underwent sextant biopsy of the prostate. All examinations were performed with the Sonoline Elegra (Siemens Medical Systems, Ultrasound Group, Issaquah, WA) using gray-scale harmonic imaging. Each subject was evaluated with conventional gray-scale, harmonic gray-scale and power Doppler US prior to contrast infusion. The evaluation was repeated during intravenous infusion of Definity^™^ (DuPont Pharmaceuticals, Billerica, MA). Gray-scale imaging was performed in continuous mode and with intermittent imaging using interscan delay times of 0.5 s, 1.0 s, 2.0 s and 5.0 s. Each biopsy was scored prospectively as benign or malignant on baseline imaging, again during contrast-enhanced transrectal US. Prostate cancer was present in 37 biopsy sites from 20 subjects. Baseline imaging demonstrated cancer in 14 sites from 11 subjects. Contrast-enhanced transrectal US showed cancer in 24 sites from 15 subjects. Each of the five subjects whose prostate cancer was not detected by contrast-enhanced transrectal US had only a single positive biopsy core with a Gleason score of six or less. The improvement in sensitivity from 38% at baseline to 65% with contrast was significant (*p*\<0.004) ([Fig. 1](#F1){ref-type="fig"}(5)). Specificity was not significantly different at baseline (83%) and during contrast imaging (80%). These results suggest that contrast-enhanced transrectal US may improve sensitivity for prostate cancer detection without substantial loss of specificity \[[@b40]\].

Elastography
============

Elastography or strain imaging was first described in 1991 by Ophir *et al.* \[[@b41]\]. The phenomenon is based on the fact that the backscattered US signal changes its local characteristic pattern only to a comparably small extent if the insonified tissue is slightly compressed and decompressed (i.e. approximately up to 2%) during the examination. A high internal correlation is maintained within local regions of interest. However, time or space differences between local regions of interest under different compression ratios change with differences in compressibility of the insonified tissue. Time differences between two local regions of interest within two subsequent images recorded under different compression ratios can be calculated for each pixel of the images. Time differences are not absolute but relative values since the compressibility of local tissue regions always depends on the surrounding tissue and the applied compression force.

In a pilot study at our institution, patients with clinically localized prostate cancer who underwent radical prostatectomy were examined prospectively. Prior to surgery these patients were examined with conventional gray-scale US as well as with real-time elastography. Areas suspicious for prostate cancer were depicted. After surgery the histological specimens were compared with the transverse US images and with elastography findings. Thirty-two foci of prostate cancer were present at pathologic evaluation, with multiple foci of cancer in 13 of the 15 glands. Real-time elastography detected 28 of 32 cancer foci (sensitivity 88%). Four sites were false-positive with no pathological abnormality. The by patient analysis demonstrated that real-time elastography detected at least one cancer foci in each of the 15 patients. Therefore we concluded that real-time elastography of the prostate is a sensitive new imaging modality for the detection of prostate cancer \[[@b42]\] ([Fig. 1](#F1){ref-type="fig"}(6) and [Fig. 1](#F1){ref-type="fig"}(7)).

In a recent study by Konig *et al.*, who evaluated elastography for biopsy guidance for prostate cancer detection, after imaging with conventional gray-scale US in conjunction with real-time elastography 404 men underwent systematic sextant biopsy. Prostate cancer was found in 151 of 404 cases (37.4%). In 127 of 151 cases (84.1%), prostate cancer was detected using real-time elastography as an additional diagnostic feature. They concluded that it is possible to detect prostate cancer with a high degree of sensitivity using real-time elastography in conjunction with conventional diagnostic methods for guided prostate biopsies \[[@b43]\].

Future perspectives
===================

Although the detection of prostate cancer with contrast-enhanced transrectal US may be improved relative to baseline transrectal US, substantial uncertainty remains in the interpretation of contrast-enhanced transrectal US images. In a recent study, 16% (59/360) of contrast-enhanced transrectal US images were rated as indeterminate with respect to vascular enhancement \[[@b40]\]. Future studies of contrast-enhanced transrectal US should investigate new techniques to optimize the signal from contrast agents in the prostate, and to maximize the difference in signal between benign and malignant tissues. Halpern *et al.* reported greater enhancement with intermittent imaging and bolus administration of contrast. New imaging techniques may be developed to reduce bubble destruction during imaging. Since the prostate is generally evaluated with a frequency in the range of 5.0--7.5 MHz, newer bubble agents that resonate at higher frequencies may provide better signals. Alternatively, harmonic imaging at lower frequencies or with subharmonics may be useful with current contrast agents \[[@b44], [@b45]\].

Quantification of color Doppler US information is generally based upon a classification or subjective estimation by the examiner \[[@b46]\]. Both these approaches are highly user dependent. A system for objective evaluation was presented by Cosgrove *et al.* \[[@b47]\], who introduced a method of color pixel and vessel counting. This "manual" method, however, is cumbersome and does not distinguish pixels with different flow velocity. Flow velocity has been shown to be helpful in the differentiation of benign and malignant lesions in continuous-wave and duplex US studies. A computerized method for the evaluation of color Doppler US images has been developed to quantify color pixels in a selected region of interest with reconstruction of local flow velocities \[[@b36]\]. Huber *et al.* \[[@b48]\] improved the value of this technique by using a microbubble based US contrast agent, which allows additional assessment of enhancement kinetics. After microbubble contrast agent injection, breast carcinomas and benign lesions behave differently in degree, onset, and duration of Doppler US enhancement. Thus, time intensity curves may also be useful as another objective measure to differentiate benign from malignant prostatic tissue.

Exact assessment of the elasticity of the tissue with new computer-assisted techniques may allow for better differentiation of benign from malignant tissue using real-time elastography.

In summary, the application of the new advances in US for the detection and clinical staging of prostate cancer is promising. Technical improvements in US equipment will allow improved detection of smaller, low flow vessels. 3D/4D displays may allow improved detection of areas of flow asymmetry. Quantification of enhancement will provide an objective grading system. These new advances require excellent trained investigators. Overall, radiologists are better trained in the application of these new US techniques and should therefore play a more important role in the diagnosis of prostate cancer in the future.

Figures and Tables
==================

![(1) Transverse gray-scale US image of the prostate. The isoechoic cancer on the left side is not visible; however it was detected by systematic biopsy. Reprinted with permission: Radiologe 2005; 45: 544--51. (2) Power Doppler US of the prostate. A hypervascular area is seen on the left side, which proved to be prostate cancer. Reprinted with permission: Radiologe 2005; 45: 544--51. (3) Contrast-enhanced color Doppler US of the prostate. (a) Transverse gray-scale US image of the prostate shows no focal abnormality. (b) Transverse color Doppler US image of the prostate shows no focal hypervascularity. (c) Transverse contrast-enhanced color Doppler US image of the prostate shows focal hypervascularity on the left side, which has proved to be prostate cancer. Reprinted with permission: Radiologe 2005; 45: 544--51. (4) Contrast-enhanced color Doppler US of the prostate in comparison with MVD. (a) Transverse contrast-enhanced color Doppler US image of the prostate shows focal hypervascularity on the right side, which has proved to be prostate cancer. (b) Immunhistochemistry shows high MVD of this cancer. Reprinted with permission: Radiologe 2005; 45: 544--51. (5) Gray-scale harmonic imaging of the prostate: (a) Continuous image shows no focal enhancement. (b) Intermittent gray-scale harmonic US shows focal enhancement on the left side (Gleason 7 cancer). Reprinted with permission: Radiologe 2005; 45: 544--51. (6) Real-time elastography of the normal prostate. No suspicious lesion is visualized. (7) Real-time elastography of a patient with prostate cancer. No suspicious lesion is visualized on the gray-scale US, whereas real-time elastography shows a stiffer area---corresponding to the cancer area---on the left side.](ci05007601){#F1}
